Coatings are now extensively used in engineering practice to modify the surfaces of mechanical components for enhanced load-bearing ability, lubricity, and service endurance. Designing thin-film coatings to meet particular engineering needs requires the knowledge of accurate mechanical properties of the coatings. Young's modulus and Poisson's ratio are two basic mechanical properties of materials, which should be conveniently measured. However, the measurement of Young's modulus of a thin film is hindered by the inevitable substrate effect when the conventional methods for a bulk material are used to obtain so called "reduced modulus". This paper presents a direct and non-destructive method for the measurement of Young's modulus and Poisson's ratio of a thinfilm coating and its substrate, based on the extended-Hertz theory developed for coated bodies in contact. The theory is used to analyze load-displacement data from a spherical indentation in the elastic range, where the substrate effect is intrinsically modeled. Two sets of validation experiments are shown for coatings of a few microns thick. This new method does not need any assumption on pressure distribution and Poisson's ratio and can be easily incorporated into current indentation analysis systems.
INTRODUCTION
Young's modulus, or elastic modulus (E), and Poisson's ratio (ν) are two of the key mechanical properties of materials. Modern thin-film technologies have provided means to the development of coatings for various applications in mechanical, electrical, and biomedical engineering to protect the surfaces of components that bear load and transmit motion for performance and life enhancement. Such coating development demands a rapid and reliable, yet convenient technology for the determination of the Young's modulus and Poisson's ratio of the coatings. Currently, five techniques are commonly used for the measurements of the Young's modulus of thin-film coatings: (1) indentation, (2) beam bending, (3) vibration, (4) ultrasonic surface wave, and (5) scanning acoustic microscope [1] [2] [3] [4] . Among these methods, indentation is the most popular technique, with which the Young's modulus is determined through the initial part of the unloading curve of an indentation data with sharp-pointed indenters.
The work reported in this paper promotes a direct determination of Young's modulus and Poisson's ratio by indentation probing [5] . The load-displacement measurements in the elastic region (elastic loading or unloading) are collected with a spherical indenter and other indenters. The data analysis is based on an extended Hertz theory developed for thin-film coatings [6] . Figure 1 describes the indentation of a coated medium. The coating thickness is non-dimensionalized by a 0 . For the contact between the indenter and the sample, it is found that the form of Hertzian contact formulas is still valid, but the definition of 
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The second part in the right-hand side of Eq. (1) Therefore, coated indenters could be used to probe the sample's modulus.
Equation (1) is the key to find E c and ν c , and to find E b and ν b as well if they are unknown. A minimization code can be used to find values of these properties by minimizing the following expression rewritten from Eq. (1). 
EXPERIMENTAL VERIFICATION
Two samples were prepared to demonstrate the method. Commercial silicon wafers were the substrates on which TiN was deposited with two different thickness values. A ball with a radius of 20 mm was used to wear away the coatings and a part of the substrate and wear scars were measured to determine the coating thickness. Sample A1 and A2 had 2.08 and 3.15 micron thick coatings, respectively. Both samples had very smooth surfaces (Rq is around 10nm) except some scattering nodules on the surface. Load and displacement curves were obtained by using a commercial nano-indentation system and a sapphire sphere with the following parameters: Young's modulus of 441GPa, Poisson's ratio of 0.234, and radius of 122 microns (
466.55 GPa). Nine tests were conducted on each sample and the average indentation data were obtained. For the silicon wafers, Poisson's ratio was assumed as 0.27 [7] and Young's modulus was measured to be around 159 GPa (
Material properties of sample A1 and A2 were obtained by minimizing Eq. (3) with all indentation data from 23 to 200 nm. The average Young's modulus for A1 TiN coating was 383 and for A2 376 GPa, which agreed with each other well and was close to the measurements obtained by Schneider and Tucker [8] . The average Poisson's ratio for each TiN coating was 0.29. Also, the average Young's moduli of the two silicon substrates measured for two samples were very close: 159 and 163 GPa, respectively.
CONCLUSIONS
The work reported the development of a direct and nondestructive method for the measurement of Young's modulus and Poisson's ratio of a thin-film coating and its substrate based on the extended Hertz theory to coated bodies. It enables the determination of Young's modulus and Poisson's ratio of the coating at the same time by indentation tests. The proposed Young's modulus expression for the coating/substrate system is applicable to other types of indenters. The new approach can be a standing-alone analysis tool or be incorporated into nanoindentation systems. 
